We used cloning in silico coupled with polymerase chain reaction to demonstrate that IHG-2 is part of the 3-untranslated region of gremlin, a member of the DAN family of secreted proteins that antagonize the bioactivities of members of the transforming growth factor (TGF)-␤ superfamily. Mesangial cell gremlin mRNA levels were induced by high glucose, cyclic mechanical strain, and TGF-␤1 in vitro, and gremlin mRNA levels were elevated in the renal cortex of rats with streptozotocin-induced diabetic nephropathy in vivo. gremlin expression was observed in parallel with induction of bone morphogenetic protein-2 (BMP-2), a target for gremlin in models of cell differentiation. Together these data indicate that (a) IHG-2 is gremlin, (b) gremlin is expressed in diabetic nephropathy in vivo, (c) both glycemic and mechanical strain stimulate mesangial cell gremlin expression in vitro, (d) high glucose induces gremlin, in part, through TGF␤-mediated pathways, and (e) Gremlin is a potential endogenous antagonist of BMPs within a diabetic glomerular milieu.
Glomerulosclerosis is the pathological hallmark of diabetic nephropathy and is characterized by accumulation of extracellular matrix proteins within the glomerular mesangium (3) . Glomerular mesangial cells are the major source of matrix proteins in this setting, and both metabolic and hemodynamic factors contribute to matrix accumulation in diabetic glomerulosclerosis (1) (2) (3) (4) .
We recently reported on the use of suppression subtractive hybridization to identify genes that are differentially expressed in human mesangial cells propagated under conditions of high ambient extracellular glucose concentrations in vitro (5) . Prominent among these genes were matrix proteins such as fibronectin, genes that regulate mesangial cell matrix production such as connective tissue growth factor, and genes encoding potential modulators of vascular tone and intraglomerular pressure such as actin binding proteins (5) . Two gene products were reported that did not show homology to sequences of known genes and were termed increased in high glucose-1 and -2 (IHG-1 1 and IHG-2) (5). Here we report that IHG-2 is gremlin, which together with DAN and cerberus are members of the cysteine knot superfamily that are putative inhibitors of the bioactivities of TGF-␤ superfamily members during cell differentiation and development (6, 7) .
MATERIALS AND METHODS
Cell Culture and Streptozotocin-induced Diabetic Rats-Primary cultures of human mesangial cells were propagated as described previously (5) , except that medium was supplemented with 5% FBS. Treatment of cultures with glucose, TGF-␤1 and anti-TGF-␤ antibody were as described previously (5) . For the application of mechanical cyclic stretch, primary human mesangial cells were seeded on either flexible or rigid based, elastin-coated six-well plates (Flex I and Flex II plates, Flex Cell TM International, Hillsborough, NH). Cells were grown to 90% confluency and then serum-restricted in Clonetics TM mesangial basal medium supplemented with 0.5% fetal calf serum. Cells cultured on flexible plates were subjected to repeated cycles of computer-controlled, vacuum-driven mechanical stretch and relaxation using the Flexercell Strain Unit. Cells were alternately stretched and relaxed at 0.5-s intervals (60 cycles/min) for either 24 or 48 h. The applied vacuum achieved a 17% elongation of the outer annulus of the culture plates. All experiments were carried out at 37°C and 5% CO 2 in a humidified incubator. Nine Male Munich-Wistar uninephrectomized rats were rendered diabetic with streptozotocin, and the RNA was extracted as described previously (5, 8, 9) .
Northern Blot Analysis and RT-PCR-Northern blots were performed as described previously (5) . PCR products used to generate probes for Northern analysis were amplified using primers for the open reading frame (ORF) of gremlin (sense, ATGAGCCGCACAGCCTACAC; antisense, TTAATCCAAATCGATGGATATGC) and for IHG-2 (sense, CTC-AGCCTCCTAGCCAAGTCC; antisense, gttggagaatgtggacaatac). Fibronectin and GAPDH probes were generated as described previously (5) .
Specific primers were used to amplify gremlin/IHG-2 (external sense, ATGAGCCGCACAGCCTACAC; external antisense, gttggagaatgtggacaatac; internal sense, GAGAGTCACACGTGTGAAGC; internal antisense, AGGAGGATGCAAGCACAGG), BMP-2 (external sense, CGCG-GATCCTGCTTCTTAGACGGACTGCG; external antisense, TTTGCT-GTACTAGCGACACC; internal sense, CAAGATGAACACAGCTGG), and BMP-4 (sense, GGCTGTCAAGAATCATGG; antisense, GCTCAG-GATACTCAAGAC). RT-PCR was carried out as reported previously (5) .
Bioinformatic Analysis-Data base searching and alignments were performed at the National Center for Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool Algorithm (BLAST) (10) . The Non Redundant (nr) and the Expressed Sequence Tag (EST) data bases were sourced. Contiguous sequences were generated using Fragment Assembly, a program within the Genetics Computer Group Inc. package. UniBlast (11) was used to identify homolo-* This work was supported by a grant from the Health Research Board, Ireland. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. gous clusters within the UniGene data base and to verify the consensus sequence derived from ESTs. Chromosomal localization data were obtained from the UniGene and Online Mendelian Inheritance in Man (OMIM) data bases.
RESULTS AND DISCUSSION

Identification of IHG-2 as Part of the 3Ј-UT Region of Grem-
lin-Among the mesangial cell genes we previously identified as being induced by high glucose, was a transcript, IHG-2, whose sequence did not show homology against the cumulative data base of characterized sequences (nr data base at NCBI) using the BLAST algorithm (5). To further characterize this sequence, the sequence of IHG-2 was searched against the EST data base where a number of matches were obtained. Each of these matches was, in turn, searched against the nr data base at NCBI. Four ESTs, namely W52686, N28395, H80042, and W47324, showed low homology to the 3Ј-UT region of a rat gene known as drm. The ORF of the human homologue of this gene, gremlin, was also in the data base. Gremlin, together with DAN and cerberus, are members of the cysteine knot superfamily of proteins that have recently been shown to play important roles in limb development and neural crest cell differentiation (7, 12) . In the developing limb bud, gremlin is a key mediator of the sonic hedgehog-fibroblast growth factor-4 (SHH-FGF4) feedback loop and can rescue the limb deformity (ld) phenotype, which is due to a defect in the protein formin (12) . Of potential interest in the context of diabetic nephropathy, gremlin is a putative inhibitor of BMP-2 in models of neural crest cell differentiation (7). BMP-2 has recently been reported to have antiproliferative effects on mesangial cells (13, 14) .
To generate a link between the ORF of gremlin and IHG-2, successive BLAST searches were used to identify overlapping sequences in the EST data base. In Fig. 1A , the bar of 4 kb represents the final sequence for gremlin, whereas each of the other bars represents individual sequences in the EST data base that were assembled, where possible, into continuous sequences. However, it was not possible to directly link IHG-2 to the ORF of gremlin with sequences within the EST data base. Therefore, RNA isolated from human mesangial cells was reverse-transcribed with a primer that recognizes IHG-2. PCR analyses were performed spanning the regions shown in Fig.  1A , and the resulting products were sequenced, allowing a contiguous cDNA of 4049 bp to be generated, which included the open reading frame of gremlin and IHG-2. Fig. 1B shows a graphical representation of an alignment between rat drm and human gremlin using the BLAST algorithm. Sequence homology is high in the coding region of the cDNA; however, there are only small regions of homology within the 3Ј-UT region. This explains why IHG-2 did not identify drm in a BLAST search, but a match to drm, and thus gremlin, was obtained by examining EST sequences further in the 3Ј direction. The lack of homology between rat drm and human gremlin probably results from decreased selective pressure on the 3Ј-UT region of gene homologues to remain the same between species. Fig. 2 shows the final sequence of human mesangial cell gremlin, indicating the ORF and the region corresponding to IHG-2 (GenBank accession no. AF110137). At time of submission, this sequence matched 136 separate EST entries in the EST data base. Of these entries, 23.5% were derived from fibroblast libraries; 30% were from bone tissue libraries; and 34% were derived from tumor-related libraries. This sequence was also searched against the UniGene data base using the UniBlast program. This identified four UniGene clusters, Hs.214148, Hs.40098, Hs.114330, and Hs.239507. Two of these clusters, Hs.40098 and Hs.239507, have been mapped to intervals D15S118 -144 and D15S144 -165 on chromosome 15, respectively. Secretory granule neuroendocrine protein 1 and the ␣ polypeptide of the nicotinic cholinergic receptor have been mapped to either side of these clusters and have also been mapped more specifically to the 15q11-15 interval. Analysis of the OMIM data base reveals that the formin gene, which was recently shown to induce gremlin expression in developing limb bud (12) , is also localized to this interval. Diabetes mellitus with multiple epiphyseal dysplasia, or Wolcott-Rallison syndrome, is localized to the 15q11-12 interval (15). In the epiphyseal growth plate, immunohistochemical studies have revealed that BMP-2 and -4 are expressed in proliferating and maturing chondrocytes, suggesting that BMP and its receptors play roles in the multistep cascade of enchondral ossification (16) . Regulation of gremlin expression may have implications in both disease states associated with Wolcott-Rallison syndrome.
High Glucose and Cyclic Mechanical Strain Induce Mesangial Cell Gremlin Expression in Vitro-IHG-2 was originally described as a mesangial cell gene whose expression is enhanced by high ambient glucose (5) . Northern blot analysis was performed on RNA extracted from mesangial cells grown in either 5 mM ("normal") or 30 mM ("high") glucose using the ORF of gremlin and IHG-2 probes. Messenger RNA levels were normalized relative to GAPDH. GAPDH mRNA levels were found not to vary with high glucose treatment using 28 S ribosomal RNA as a gel loading control. Both probes detected a 2-fold increase in gene expression under high glucose conditions (Fig. 3A) . All subsequent Northern analysis was performed using the ORF of gremlin as a probe.
FIG. 1. IHG-2 is part of the 3-UT region of gremlin.
A, in this graphical representation of a BLAST output from the EST data base, the thick bar of 4 kb represents the final composite sequence of the gremlin gene. Each of the other bars represents individual sequences in the EST data base and demonstrates how cloning in silico was used to generate the contiguous sequence. The region of no EST overlap was generated by reverse transcription of human mesangial mRNA with a complementary primer to IHG-2. PCR was performed spanning the regions indicated (by arrows), and the resulting products were sequenced, allowing a contiguous cDNA of 4049 bp to be generated, which included the open reading frame of gremlin and IHG-2. B, human gremlin and rat drm cDNAs were compared using the BLAST algorithm. A graphical representation of this alignment, together with the region corresponding to IHG-2, is shown.
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Glomerular hypertension is an independent risk factor for the development of glomerulosclerosis in diabetes mellitus (17) . To model the effects of glomerular hypertension on mesangial cell gremlin expression in the present study, mesangial cells were propagated under conditions of cyclic mechanical strain for 24 and 48 h (17, 18) . This model perturbs mesangial cell matrix production and metabolism in a manner similar to that observed in diabetic glomerulosclerosis in vivo. Mesangial cell gremlin mRNA levels were significantly enhanced under conditions of mechanical strain, in parallel with increased fibronectin mRNA expression (Fig. 3B) . Distortion of cell surface adhesion plaques and cytoskeletal proteins has been reported to activate a variety of signal transduction pathways (19) . Rho GTPases regulate the actin cytoskeletal assembly through rapid formation of actin stress fibers and focal adhesions (20) . Formin is a downstream effector of Rho whose actions may, at least in part, be mediated by the glucose-inducible actin-binding protein profilin (21) , also identified in our initial screen (5). Interestingly, formin induces gremlin expression in the developing limb bud as part of a SHH-FGF4 feedback loop, thus establishing a potential link between mechanical strain and increased gremlin expression (12) .
Gremlin Expression in the Diabetic Kidney in Vivo-To assess gremlin expression in diabetic nephropathy in vivo, gremlin mRNA levels were measured by Northern blot analysis with RNA isolated from the renal cortex of control rats and from diabetic rats 14 weeks after induction of diabetes mellitus by streptozotocin (STZ). In keeping with the in vitro experiments reported above, gremlin mRNA levels (Fig. 3C) were increased in kidneys from diabetic rats, coincident with proteinuria and histologic evidence of diabetic nephropathy (data not shown). TGF-␤1 appears to be a major stimulus for mesangial matrix accumulation in diabetic glomeruli in vivo (1, 3, 22) . To probe the mechanism by which high glucose triggers gremlin expression, primary human mesangial cells were propagated in 5 or 30 mM glucose in the presence and absence of anti-TGF-␤1 neutralizing antibody (1 g/ml). The latter reagent blunted glucose-triggered gremlin expression (Fig. 4A) , and therefore the ability of TGF-␤1 to alter gremlin expression was investigated in subsequent experiments. The addition of exogenous human recombinant TGF-␤1 (10 ng/ml, 24 h) to serum-restricted (24 h) mesangial cells also augmented gremlin mRNA levels (Fig. 4B) , suggesting that high glucose enhances gremlin mRNA expression, at least in part, through its ability to stimulate TGF-␤1 expression. In aggregate, these observations sug- 
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gest the presence of a novel autocrine loop through which TGF-␤1 induces gremlin gene expression and may thereby regulate the activity of mesangial-derived BMPs (see below).
High Glucose Stress Induces BMP-2 but Not BMP-4 Expression in Mesangial
Cells-Gremlin is a putative antagonist of BMP-2 (7) and BMP-4 (23). Specifically, gremlin has been recently reported to form heterodimers with BMPs and thereby antagonize BMP signaling (7) . Although expression of BMP receptors in human mesangial cells has been reported (13) , expression of the BMP-2 and BMP-4 has not. In the present study, RT-PCR was employed as an initial assessment of mesangial cell BMP expression. Whereas little or no BMP-2 mRNA was detected in mesangial cells propagated in 5 mM glucose, a marked induction of BMP-2 expression was observed in cells cultured in 30 mM glucose (Fig. 4C) . In contrast, BMP-4 expression levels were relatively unchanged. Interestingly, whereas BMP-2 does not stimulate fibronectin expression in mesangial cells in vitro, BMP-2 has been recently shown to block mesangial cell proliferation triggered by epidermal growth factor and platelet-derived growth factor (13, 14) . Our results raise the possibility that TGF-␤1-stimulated expression of gremlin may contribute to mesangial cell proliferative responses in this setting. The influence of gremlin on cell proliferation appears complex, however, and may vary markedly depending on the cell type and proliferative stimulus. In contrast to the aforementioned potentially pro-proliferative actions, overexpression of the gremlin homologue, drm, causes apoptosis in fibroblasts by an ERK-mediated pathway, whereas cells transformed with oncogenes such as v-mos show suppressed drm expression (6) . Similarly, overexpression of DAN, another cysteine knot superfamily member with homology to drm/gremlin, retards fibroblast entry into S phase (24) . Studies are ongoing to probe the consequences of gremlin-BMP interactions on mesangial cell growth and matrix production.
In summary, our results demonstrate that the DAN family member gremlin is induced in diabetic nephropathy in vivo and implicate both metabolic and hemodynamic stress as stimuli for gremlin expression. The findings that high glucose-triggered gremlin expression is mimicked by addition of exogenous TGF-␤1, blunted by anti-TGF-␤1 neutralizing antibody, and occurs in association with induction of mesangial cell BMP-2 suggests the presence of a novel autocrine loop, which may limit the bioactivity of TGF-␤1 superfamily members and modulate mesangial cell proliferation within the diabetic mesangium. The further elucidation of the functional interactions of the DAN family of secreted proteins, such as gremlin, with TGF-␤1 superfamily members may shed light on the complex multipronged molecular events that perturb cell proliferation and matrix production in diabetic glomerulosclerosis. A, gremlin expression in response to high glucose (30 mM, 7 days) was reduced in the presence of anti-TBF-␤1 antibody (1 g/ml, n ϭ 2). Values were normalized to GAPDH levels. B, to further probe the role of TGB-␤1 as a modulator of gremlin expression, mesangial cells were exposed to TGF-␤1 (10 ng/ml) for 24 h (lane 2). Cells cultured in MCDB131 and 0.5% FBS for 24 h served as a control (lane 4). Right panel, autoradiograph of gremlin (1), fibronectin (2) , and GAPDH (3) mRNA levels analyzed by Northern blot. Left panel, relative mRNA levels as estimated by PhosphorAnalyst™ quantification. Values were normalized to GAPDH levels. C, as an initial assessment of the relationship between gremlin expression and BMP expression, RNA was isolated from mesangial cells grown for 7 days in either 5 or 30 mM glucose. Following reverse transcription with random primers, a primary PCR of the ORF of BMP-2 was performed. This product, which was undetectable on an ethidium-stained agarose gel after 30 cycles, was nested to give a predicted product of 446 bp. PCR analysis with BMP-4-and GAPDH-specific primers gave predicted products of 378 and 452 bp, respectively. Shown are representative reactions of five independent experiments. 10 l of each PCR reaction was run on 1% ethidium bromide-stained agarose gels.
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